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Abstract
In this contribution two diﬀerent types of resonating sensors for the viscosity of ﬂuids with adjustable resonance
frequencies in the range of 1 kHz to 10 kHz are presented. Analytical models relating measurement data to the
viscosity of the examined liquid and measurement results are presented and the beneﬁts of the discussed sensor
designs in terms of high tunability and their sensitivity to viscosity are discussed.
c© 2011 Published by Elsevier Ltd.
Keywords: Resonator, Sensor, Tunable, Viscosity, Resonance Frequency, Lorentz forces
1. Introduction
Resonating sensors have proven to be well suited for determining the rheological properties of liquids. The great
interest in vibrating viscometers is partly related to their mechanically simple design, the low volume of required ﬂuid
samples, which facilitates their operation at high pressures and high temperatures [1]. So far, the ability of tuning
the resonance frequency of a (micro)-resonator to a signiﬁcant extent is hardly reported. However, the possibility
to investigate a liquid at diﬀerent frequencies i.e., the need of tuning the resonance frequencies of vibrating sensors
becomes important when investigating complex liquids showing viscoelastic behavior. The measurement of the shear
modulus in a wide frequency range is a common method for rheological material characterization.
Recently, we presented the idea of a tunable in-plane resonating sensor for viscosity, see Fig. 1(a) and [2]. As an
alternative, we investigated the range of achievable resonance frequencies using a single wire of the same length as for
the suspended plate sensor, see Fig. 1(b) and [3]. Both types showed to be well suited for sensing the shear viscosity
of a surrounding ﬂuid, see [3]. Resonating viscometers using a single wire only are known as wire viscometers
in literature, see e.g., [4] and [5]. However, (conventional) wire viscometers were designed to be operated at one
ﬁxed resonance frequency only. In our work, we focus on the investigation of tuning the resonance frequencies of
miniaturized vibrating wire-based sensors within a preferentially large frequency range. In ﬁrst experiments, both
types of sensors yielded a range of achievable resonance frequencies covering over two octaves (approximately 1kHz
to 4 kHz) for a ﬁxed vibrating wire’s length of 3 cm. In this contribution, the investigation of the tunability is extended
by varying both, the normal stresses in the wire and its vibrating length in order to cover a tunable range of over one
decade.
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Figure 1: In (a) the schematic drawing of the suspended plate rheometer is illustrated. The sensor consists of two parallel wires placed in an
external magnetic ﬁeld B. In this ﬁgure, the left wire is used for exciting lateral vibrations by means of Lorentz forces. The second wire on the
right used for pick-up, is coupled to the excitation wire with a rigid plate, thus following the movement of the left wire. The induced voltage in the
second wire is used as read-out. The platelet, inducing (one-dimensional) shear waves into the liquid, is the main part interacting with sample. In
(b) the schematic drawing of the wire viscometer is depicted. A 100 μm thick tungsten wire carrying sinusoidal currents is placed in an external
magnetic ﬁeld (not depicted) and thus oscillating due to Lorentz forces. For excitation, a function generator is connected to two 24 Ω resistors
being connected in series with the tungsten wire. These resistors are used to limit the excitation current. For measuring the motion induced voltage
as read-out, a lock-in ampliﬁer is used. For both types of sensors the resonance frequency can be changed by (mechanically) changing the normal
stresses in the wires.
2. Modeling
In [3] the modeling of the suspended plate rheometer is extensively discussed. There, the suspended plate is
modeled by a mechanical spring-dashpot oscillator to account for the intrinsic parameters of the setup, driven by
Lorentz forces. As the platelet’s lateral dimensions are much larger than its height and the wire diameters, one-
dimensional shear wave propagation is assumed to calculate the inﬂuence of the ﬂuid forces acting on the platelet.
This semi-lumped element modeling yields the relation of the platelet’s lateral deﬂection to Lorentz forces, which
in turn can be used to calculate the induced voltage in the pick-up wire, thus ﬁnally relating the input to the output
voltage.
For the modeling of the wire viscometer, the transversal movements w(x, t) of the wire subjected to an axial
force N, driving Lorentz forces FL and the loading of the ﬂuid forces FF can be described by the following linear,
inhomogenous, partial diﬀerential equation [6]:
E I
∂4w(x, t)
∂x4
− N ∂
2w(x, t)
∂x2
+ m′
∂2w(x, t)
∂t2
= F′L(x, t) + F
′
F(x, t) (1)
(E: Young’s modulus, I: second moment of inertia, m: wire’s mass, ′: quantity in respect of unit length) Eq. 1 is
transformed to the frequency domain and the forces per unit length on the right hand side of equation1 acting on the
wire are substituted by the following expressions
F′L = Iin(ω) B (2)
and [7]:
F′F(x, ω) = − jω g1(x, ω)w(x, ω) + ω
2 g
2
(x, ω)w(x, ω) (3)
( : quantity in the frequency domain, Iin: input current, B: ﬂux density of the external magnetic ﬁeld which is
provided by a permanent magnet, ω: angular frequency of the harmonic oscillation) g
1
and g
2
can be calculated by
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(a) Frequency response of the wire viscometer in 2-Propanol
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(b) Frequency response of the wire viscometer in 2-Propanol
Figure 2: Comparison of measured and calculated response spectra for Isopropanol (μ = 2.1mPa s, ρ = 0.78 g/cm3, @ 25 ◦C) including the
fundamental harmonic for the suspended plate sensor (left) and the wire viscometer (right). (Function generator’s Voltage: Vg=0.5 V). The wire
viscometer shows a relatively large oﬀset, which is due to the fact that only one wire is used for both, excitation and read-out i.e., the ohmic
resistance (and the excitation current) of the wire. On the one hand the Nyquist plots nicely show that in these ﬁrst experiments the resonance of
the suspended plate rheometer is three to four times higher than in case of the wire viscometer however, on the other hand, at this stage this cannot
be judged as a decisive advantage.
using the analytical relation of the ﬂuid forces acting on a prism with cylindrical cross-section [8], [9]:
F′F(x, ω) = π ρ f ω
2 R2
⎛⎜⎜⎜⎜⎜⎜⎝1 −
4 j K1
(
j
√− j Re
)
√− j Re K0
(
j
√− j Re
)
⎞⎟⎟⎟⎟⎟⎟⎠w(x, ω) where Re = ρ f ωR
2
μ
(4)
(ρ f : mass density of the liquid, R: wire’s radius, j2 = −1, K0, K1: modiﬁed Bessel functions, μ: dynamic viscosity)
After the calculation of the deﬂection of the wire w(x, ω), the measured voltage is calculated as follows:
Uout = jω B
∫ L
0
w(x, ω) dx + Rw Iin(ω) (5)
(L: wire’s lenght, Rw: wire’s ohmic resistance)
3. Results
In Fig. 2 a comparison between measured data and the modeling approaches for the suspended plate rheometer
and the wire viscometer are depicted. In both cases, the present models can be ﬁtted to the measured frequency
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Figure 3: Comparison between measured and predicted data. Here, the relative diameter of the resonance curve in the Nyquist plot in respect to
DI-water (μ = 0.86mPa s, ρ = 1 g/cm3, @ 25 ◦C) is used as quantity which is related to the dynamic viscosity. The solid lines represent the
theoretic values gained from the models in respect of the according mass density. The dots are results from measurements of four diﬀerent liquids
with a mass density of 0.78 g/cm3 (black rectangles) and 1g/cm3 (red circle).
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Figure 4: In (a) the setup for changing both, the normal stresses in the wire as well as its length is depicted. The conductive blades allow for
electrical contact and for changing the wire’s vibrating length. One end of the wire is rigidly aﬃxed. The other is attached to a weight, which is
varried for changing the normal stresses in the wire but keeping the normal stresses constant when changing the vibrating length. In (b) the results
from a theoretic estimation of achievable resonance frequencies, when changing the normal stresses as well as the wire’s vibrating length for a
100μm thick tungsten wire with L = 10 . . . 30 mm and T = 0 . . . 1.4 GPa is depicted. (Tungsten has a yield stress of 1.5 GPa, approximately)
response with high accuracy. However, at this stage it is not possible to estimate if theses models are suiteable for
sensing under normal conditions as external (disturbing) eﬀects, such as e.g., temperature changes, slacking in case of
the suspended plate rheometer, etc. are not taken into account yet. The relative diameter of the resonance circle in the
Nyquist plot in respect to DI-water is used as quantity related to the dynamic viscosity (for a known mass density),
see Fig. 3. There, a deviation of the predicted values (solid lines) from the measured values is observed, which might
be due to drawbacks in the setup and / or the modeling. However, the calculated curve and the measured points show
the same behavior.
In Fig. 4(a) the setup for investigating the range of achievable resonance frequencies when changing both, the
normal stresses in the wire and it’s vibrating length is depicted. In Fig 4(b) the theoretic achievable resonance fre-
quencies for this experiment are illustrated. These theoretic values were compared with measuring results and good
accordance was observed. Theoretically, liquids with viscosities up to 1 Pa s can be examined. In ﬁrst experiments
resonance rises still were observable in liquids with a viscosity of 800mPa s.
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